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Abstract 
We demonstrate the use of roll-to-roll extrusion coating (R2R-EC) for fabrication of nanopatterned 
polypropylene (PP) foils with strong anti-wetting properties. The anti-wetting nanopattern is originated 
from textured surfaces fabricated on silicon wafers by a single-step method of reactive ion etching with 
different processing gas flow rates. We provide a systematic study of the wetting properties for the 
fabricated surfaces and show that a controlled texture stretching effect in the R2R-EC process is 
instrumental to yield the superhydrophobic surfaces with water contact angles approaching 160° and 
droplet roll-off angles below 10°.  
  
Technologies for fabrication of biomimetic surfaces with superhydrophobic properties have gained 
considerable attention,1, 2 due to the broad range of applications such as solar cells,3 self–cleaning fabrics,4 
anti-reflective, anti-fogging,5, 6 and anti–ice materials.7  In nature, the superhydrophobic effect aka the lotus 
effect is mostly known from plant leafs8, but is also encountered in fauna, e.g. the water strider Notonecta 
glauca9, 10. Fabrication of superhydrophobic materials usually require initial structuring with a hierarchical 
micro and nanopattern to increase surface roughness,11, 12 and a subsequent coating with low surface 
energy chemistry13, 14. The surface coating does however represent at least one extra fabrication step and is 
best suited for coating of solid surfaces, such as that of Si with perfluorodecyltrichlorosilane (FDTS).15 
Enabling direct large-area surface texturing of intrinsically hydrophobic thermoplastics would be more 
feasible and lower the barrier for use of superhydrophobic materials for e.g. self-cleaning applications.  
Among technologies for large-area nanotexturing, roll-to-roll (R2R) UV-assisted nanoimprint lithography is 
the most established. It was originally demonstrated by Ahn et al,16, 17 and more recently by Leitgeb et al. 
with even faster roller speed  in excess of 10 m/min on a 25 cm wide web.18  This R2R method is feasible for 
nanostructuring but is limited with regard to surface chemistry, as the relief must be formed in a UV-
curable resin. John et al. demonstrated R2R nanoimprinting using perfluoropolyether (PFPE) composite 
molds19, while Li et al. reported production of large area flexible biomimetic surfaces using a R2R UV-
assisted nanoimprint process20. The method employed by Li et al. requires steps of photocuring of the 
structured layer and coating. Moreover it runs at modest line-speed of 10 in/min (∼0.25 m/min) with web 
width of 6 in (∼150 mm). A R2R method for production of large area superhydrophobic surfaces should 
preferably have much higher productivity and allow structuring of common inexpensive and intrinsically 
hydrophobic polymers such as polyethylene,21 cyclic olefin copolymer,22 or polypropylene (PP)23 to gain 
practical relevance. An ideal material is isotactic PP, which has good hydrophobic properties (see Table S1), 
has low surface energy and is inexpensive.24  
In this paper we report on R2R extrusion coating (R2R-EC), as sketched in Figure 1a, for the manufacture of 
superhydrophobic surfaces in PP. In R2R-EC, the polymer melt curtain is extruded through a flat nozzle, 
then laminated onto a carrier foil by squeezing the melt between a cooling roller and a counter roller, and 
finally collected on a wind–up roller. In a previous publication, we demonstrated this method for 
replication of nanopillar structures in PP.25 R2R-EC is well established and widely used in the packaging 
industry for large scale fabrication of smooth polymer films. However, to the best of our knowledge, 
nanotexturing of surfaces with biomimetic functionalities produced with R2R-EC has not yet been reported.  
 
Fig.1 (a) Schematic representation of R2R EC process. (b) SEM image of the nanograss master features 
fabricated on Si wafer with the 70-70 process, cross section. (c) SEM image of the corresponding mold (70-
70), top view. (d) SEM image, top view of PP foil with 70-70 replicated pattern, 𝑇𝑇𝐶𝐶 = 70°, 𝑉𝑉𝑅𝑅 = 20 m/min. 
(e) SEM image, top view of PP foil with 70-70 replicated pattern, 𝑇𝑇𝐶𝐶 = 70°, 𝑉𝑉𝑅𝑅 = 60 m/min. Scale bars for 
figures (b), (c), (d), and (e) are all 1 µm. 
 
For the master structure, we use a Si nanograss texture.26  The nanograss was originated in Si by reactive 
ion etching (RIE). RIE can be used for maskless texturing of silicon surfaces through the combined effect of a 
corrosive gas (SF6 and/or CH4) and a passivating gas (O2).27-31 Surfaces made this way predominantly appear 
black due to the scattering of the incident light by the surface texture. Hence, the texture is also known as 
“black silicon”, and has widely been used for optical anti-reflective surfaces.27, 30, 31 By tuning the processing 
parameters, it is possible to alter the structure shape.32 The processing parameters used are shown in the 
Supplementary Information, Table S2. In this study all parameters were kept constant except for the 
oxygen gas flow rate, which was varied in order to optimize functionality. For simplicity, we denote samples 
of different SF6 and O2 flow rates as 𝑄𝑄𝑆𝑆𝑆𝑆6 − 𝑄𝑄𝑂𝑂2. Therefore 70-70 means a sample processed with 𝑄𝑄𝑆𝑆𝑆𝑆6= 70 
sccm, and 𝑄𝑄𝑂𝑂2= 70 sccm. The Si master structure was transferred to a Ni mold by electroforming a negative 
relief texture on top of the textured Si wafers. After removal of the Si by etching in potassium hydroxide, 
the Ni counterparts were attached to the cooling roller and used as molds for the replication step. The 
whole process sequence is sketched in Figure S1 while SEM pictures of the Ni molds are shown in Figure S2. 
Figure 1b shows a scanning electron microscopy (SEM) image of the 70-70 Si master profile structure, while 
Figure 1c a set of top view SEM images of the mold for a 70-70 structure, and the corresponding replicated 
PP surfaces at line-speeds 60 m/min and 20 m/min. Details of the whole fabrication process are given in the 
Supplementary Information. Foils were produced at line speed ranging from 20 m/min to 60 m/min, while 
the cooling roller temperature 𝑇𝑇𝐶𝐶  was kept at either 50° C or 70° C. The extruder screw speed was kept 
constant to produce a constant extruder output. This had the implication that the PP film thickness varied 
linearly with the line-speed from about 15 µm at 60 m/min to about 45 µm at 20 m/min. Hence, even the 
thinnest PP film is much thicker than the obtained structure heights. In Figure 1c we show the top view 
SEM images of respectively the mold surface, and the textured PP surfaces fabricated at line-speeds 60 
m/min and 20 m/min. 
 
We investigated the surface morphology of the fabricated foils by AFM imaging and observed that all 
surfaces fabricated with higher 𝑇𝑇𝐶𝐶   (70° C) resulted in superior replication of features. Structures fabricated 
with 𝑇𝑇𝐶𝐶 = 50° C reached structure heights of only about 10 % of those fabricated at 70° C. Higher mold 
temperature makes the semi-crystalline PP less viscous, allowing it to flow more easily into the mold relief. 
This results in higher nanograss on the replicated foil surface. We will thus only discuss the performance of 
structures fabricated with 𝑇𝑇𝐶𝐶 = 70° C. For those surfaces, we found that the roughness parameter 𝑅𝑅𝑍𝑍 
correlate with the roller line–speed 𝑉𝑉𝑅𝑅.  𝑅𝑅𝑍𝑍 is a standard roughness parameter defined in ISO 4278-1:1997 
as the arithmetic mean value of the single roughness depths (the vertical distance between the highest 
peak and the deepest valley within the sampling length) of consecutive sampling lengths. We found that 𝑅𝑅𝑍𝑍 
could be fitted to a sigmoidal function of 𝑉𝑉𝑅𝑅. The experimentally obtained 𝑅𝑅𝑍𝑍(𝑉𝑉𝑅𝑅) dependence is shown in 
Figure 2a for the 70-70 structures together with the fitted sigmoidal function. Figure 2b illustrates the 
stretching effect to be discussed below. Figure 2c shows 3d AFM images of the mold and the PP surfaces 
for the two extreme values of line-speed, while examples of the traces used to determine the 𝑅𝑅𝑍𝑍 values are 
shown in Figure 2d. We see that 𝑅𝑅𝑍𝑍 = (426 ± 36.6) nm for nanostructures replicated with 𝑉𝑉𝑅𝑅  = 20 m/min, 
while 𝑅𝑅𝑍𝑍 = (240 ± 16.4) nm for 𝑉𝑉𝑅𝑅  = 60 m/min. In order to assess the replication, we measured the 𝑅𝑅𝑍𝑍 value 
for the Ni mold by employing exactly the same procedure as for the PP samples and arrived at the value 𝑅𝑅𝑍𝑍 
= (218 ± 9.4) nm.  We notice that this 𝑅𝑅𝑍𝑍 value for the mold best corresponds to the smallest of values in 
Figure 2a obtained for high 𝑉𝑉𝑅𝑅, while for lower 𝑉𝑉𝑅𝑅   we see 𝑅𝑅𝑍𝑍 values exceeding those of the mold by almost 
100 %. Although the Ni mold has an inverted relief, 𝑅𝑅𝑍𝑍 is expected to match for mold and replica for a true 
replication. Thus the structure undergoes a tensile plastic deformation at low roller speed. Such stretching 
of structures has previously been reported for related fabrication technologies.33-35 Further, when 
comparing with the Si master structure (Figure 1b), we see a reduction in texture height between Si master 
and Ni mold, which is caused by an unavoidable inhomogeneous current distribution at the dense surface 
of the random nanograss texture during the Ni electroforming process.  
 Fig.2 (a) Dependence of the RZ parameter on roller line speed VR for the 70-70 structure obtained at 70° C. 
The values were obtained as the mean values from four (two vertical and two horizontal) traces in the 5 µm 
x 5 µm evaluation area. Error bars are SD (n=4) between the four individual RZ values acquired for each 
trace. The dotted horizontal line represents the 𝑅𝑅𝑍𝑍 value for the mold, and the right y-axis shows the 
percentage of stretching of the structures compared to the mold value. The fitted function is a sigmoidal 
Boltzmann function. (b) Schematic of the stretching during the demolding phase of the fabrication.  (c) 3D 
AFM “true surface” data showing a comparison of the mold corresponding to the 70-70 structure, and the 
corresponding replicated PP surfaces fabricated with the two extreme values of roller speed 20 m/min and 
60 m/min respectively. No axis scaling is applied.  (d) Representative 2D AFM scan profiles for the mold and 
for polymer surfaces fabricated with20 m/min, and 60 m/min. The 𝑅𝑅𝑍𝑍 value is indicated in red for each 
trace, and is obtained as the average of three peak-to-valley distances each from one of three subdivisions 
of the traces. Y-axis is the same for all traces. 
 
In R2R-EC, a force is exerted on the compliant counter roller to form the so-called nip region where the 
molten polymer solidifies and adheres to the carrier foil. For a force 𝐹𝐹, applied to the counter roller, the nip 
pressure is given by:36, 37 
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚�1− �𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛 − 2𝑥𝑥𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛 �2 ,                     (𝟏𝟏) 
where 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹/(𝜋𝜋𝜋𝜋𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛), 𝑥𝑥 is the distance along the roller inside the nip from the entrance of polymer 
melt, 𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛 is the length of the nip region, and 𝜋𝜋 is the width of the rollers. The nip length 𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛 can be 
measured for the applied force 𝐹𝐹/𝜋𝜋 = 30 kN/m, and was 𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛 = 18 mm. Hence, according to Equation 1, 
the max pressure in the nip is about 24 bar. For a higher line-speed, the polymer will reach further into the 
nip (larger 𝑥𝑥) and experience a higher pressure while being cooled to a given temperature. The residence 
time for the polymer inside the nip is thus simply given by 𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛 𝑉𝑉𝑅𝑅⁄ . Hence, for 𝑉𝑉𝑅𝑅  = 60 m/min, the polymer 
will spend 18 ms inside the nip, while for a lower line-speed (20 m/min), the polymer will pass through the 
pressure profile given by Equation 1 over longer time (54 ms), and simultaneously cool more due to heat 
conduction. The thicker PP film obtained for higher roller speed is not enough to compensate for the 
extremely high cooling rate. The semi-crystalline nature of PP plays an important role in this rheological 
process, as considerable crystallization retardation is expected for the extremely high cooling rate (∼107 
K/s) near the mold.25  This leads to texture replication while the polymer is in a supercooled state, and 
hence does not solidify despite the temperature rapidly drops below the normal solidification 
temperature.38 Regarding the texture stretching effect at low 𝑉𝑉𝑅𝑅, the data indicate that almost no 
stretching occurs, when the polymer is less solidified during the demolding phase of the process, whereas 
the tensile plastic deformation requires a higher degree of solidification that causes the polymer to stick to 
the mold.     
 
The superhydrophobic effect relies on the so-called Cassie–Baxter39 (CB) state, where the surface structures 
entrap air and thereby form a chemically heterogeneous interface consisting of air and solid to the water. 
On the macroscopic level, such surfaces are characterized by having WCA above 150° and small contact 
angle hysteresis (CAH).40 In the CB state, sessile droplets will roll off a superhydrophobic surface for only a 
small tilt angle 𝛼𝛼.26 Low roll–off  angles thus provide a practical measure of  the self–cleaning properties of 
the material.15, 41 In the Cassie-Baxter model, the apparent WCA (𝜃𝜃𝑒𝑒) can be expressed by  
cos𝜃𝜃𝑒𝑒 = 𝑓𝑓𝑠𝑠(cos𝜃𝜃𝑌𝑌 + 1) − 1,                 (𝟐𝟐) 
where 𝜃𝜃𝑌𝑌 is the Young contact angle, i.e. the contact angle for a smooth surface having the same surface 
chemistry, whereas 𝑓𝑓𝑠𝑠 = 𝐴𝐴𝑙𝑙𝑙𝑙𝐴𝐴𝑙𝑙𝑙𝑙+𝐴𝐴𝑙𝑙𝑙𝑙 is the area fraction of the liquid solid interface area to that of the total area 
of both the liquid solid interface and the liquid gas interface. For the PP used in this study, we have 𝜃𝜃𝑌𝑌= 
(100.1 ± 2.2)°. 
To analyze the impact of 𝑅𝑅𝑍𝑍 values on surface functionality we characterized wetting properties of 
nanopatterned PP foils fabricated with 𝑇𝑇𝐶𝐶  = 70°. We conducted systematic contact angle measurements in 
static and dynamic mode to obtain advancing, receding and static water contact angles (WCA) and roll–off 
angles (𝛼𝛼) for each surface. Since 𝛼𝛼 depends on the droplet volume42 all measurements were done using 
the same droplet volume of 10 µl. Among the analyzed nanograss textures, texture 70-70 exhibits the 
highest contact angles and lowest roll-off angles. For this nanostructure, recorded WCA exceed 150°. Foils 
replicated with pattern 70-90 achieved WCA in the range between 140° to 150°. For surfaces fabricated 
with the 70-50 morphology we observed the most uneven results. Here WCA ranged between 120° and 
145° with huge variations. Figure 3a presents an overview of advancing WCA recorded for specific 
replicated texture topographies in the whole range of line-speeds 𝑉𝑉𝑅𝑅, while all receding WCA results 
collected for replicated foils are presented in Figure 3b. In Figure 3c, we summarize the wetting properties 
for foils with 70-70 replicated texture by plotting the static contact angle data and the roll-off angle data for 
the 70-70 foils as a function of 𝑅𝑅𝑍𝑍. The recorded values of 𝛼𝛼 descend well below 20° while the WCA 
approaches 150° for the largest values of 𝑅𝑅𝑍𝑍. Surfaces with 70-90 nanostructures resulted in higher 𝛼𝛼, 
ranging from 22° to 45° but for all droplets we eventually observed roll-off when tilting the surface. Only 
for foils fabricated with the 70-50 nanotexture we observed pinning of water drops, in some cases even for 
a tilt over 90°.  
For structures 70-50, we tested the hypothesis of full wetting, i.e. that sessile droplets rest in the socalled 
Wenzel state. For this state, the apparent WCA 𝜃𝜃𝑒𝑒 is given by the Wenzel equation: cos𝜃𝜃𝑒𝑒 = 𝑟𝑟 cos𝜃𝜃𝑌𝑌, 
where 𝑟𝑟 > 1 is the ratio of the real surface area to the projected surface area, and 𝜃𝜃𝑌𝑌 is the Young CA for 
the unstructured foil surface given above. 𝑟𝑟 can readily be obtained from the AFM data (Figure S8 and 
Table S3). We see that the Wenzel equation fails to predict the measured WCA data, and we must conclude 
that even for the 70-50 surfaces, the droplets are in the Cassie-Baxter state.  
 Fig.3 (a) Graph of advancing water CA recorded for specific replicated foils topographies in whole range of 
line speed 𝑉𝑉𝑅𝑅 with the high values corresponding to low line-speed, and low the low values corresponding 
to high line-speeds. (b) Graph of receding WCA recorded for specific replicated foils topographies in whole 
range of line speed 𝑉𝑉𝑅𝑅. Error bars represent one SD (n=3) for both figures (a) and (b). (c) Dependence of 
WCA and roll-off angle 𝛼𝛼 on 𝑅𝑅𝑍𝑍 for foils fabricated with 70-70 nanostructure. The droplet volume used for 
all measurements was 10 µl. 
On the microscopic level, the wetting of such surfaces can be characterized according to the degree of 
water intrusion into the structures.26, 43, 44 The data in Figure 3c indicate a transition to an enhanced de-
wetting state roughly at  𝑅𝑅𝑍𝑍 = 325 nm.  In a previous publication we found that the wetting properties for 
superhydrophobic surfaces with cone shaped structure depends on the opening angles of cones, rather 
than their heights.26 However, when cones get stretched, their opening angle decreases. This is shown in 
Figure 4, where we plot the average opening angle of the structure as a function of the 𝑅𝑅𝑍𝑍 values obtained 
as a result of different roller line-speeds. The opening angles were derived from the Root Mean Square 
Gradient, 𝑆𝑆𝑆𝑆𝑆𝑆 obtained from the AFM data, 𝑆𝑆𝑆𝑆𝑆𝑆 = �1
𝐴𝐴
∬((𝜕𝜕𝜕𝜕/𝜕𝜕𝑥𝑥)2 + (𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕)2)𝑆𝑆𝑥𝑥𝑆𝑆𝜕𝜕, where 𝐴𝐴 is the 
sampling area. The average opening angle 𝛼𝛼�𝑜𝑜𝑚𝑚 is then obtained as 𝛼𝛼�𝑜𝑜𝑚𝑚  = 2 cot−1(𝑆𝑆𝑆𝑆𝑆𝑆). 𝛼𝛼�𝑜𝑜𝑚𝑚 is not exactly 
the same as the opening angle of spikes in contact with the water interface, however, the two very likely 
have the same dependence on 𝑅𝑅𝑍𝑍. We can thus argue that our data are consistent with the wetting 
properties being determined by either the height or the opening angles of the nanograss cones. A more 
fundamental argument can be given that most probably it is the opening angle that is the dominating 
parameter for wetting, since sessile droplets on a superhydrophobic surface will wet only the summits of 
the structure irrespective of their height.   
 
Fig.4 Plot of the average opening angle of cones vs. 𝑅𝑅𝑍𝑍 for foils fabricated with 70-70 at  𝑇𝑇𝐶𝐶 = 70° C. The 
dashed red trend line is added to guide the eye. Error bars represent one standard deviation (n=4). 
In conclusion, we have demonstrated the superhydrophobic effect for nanostructured polymer surfaces 
fabricated with a high throughput and low cost novel R2R-EC method.. We obtained the most pronounced 
anti-wetting effect for the highest textures obtained by exploiting a controlled tensile plastic deformation 
of the nano-texture through systematic adjustment of the cooling roller temperature 𝑇𝑇𝐶𝐶  and roller line-
speed 𝑉𝑉𝑅𝑅. The most stretched structures turned out to have the smallest opening angles and were obtained 
for the lowest roller speed. This let us to the conclusion that the strongest superhydrophobic effect with 
WCA approaching 160°, and with roll-off angles below 10°, was obtained for structures having the lowest 
opening angle resulting from the stretching effect.     
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